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In brain tissue a spectrin-like calmodulin-binding protein calspectin, or fodrin, is concentrated in a 
synaptosome fraction, where most of the calspectin is associated with the synaptic membranes. This 
endogenous calspectin was phosphorylated by protein kinase system(s) associated with the membranes. 
Here, we report the solubilization and partial purification of the membrane-associated calspectin kinase 
activity. The activity was resolved on a gel filtration column into two fractions, peaks I and II having 
estimated M, of 800000 and 88000. The activity of peak I was dependent on the presence of both Ca*+ 
and calmodulin. Peak II revealed a basal activity in the absence of Ca’+and calmodulin, which was 
stimulated 2-fold by addition of Ca’+. Calmodulin had no effect on the peak II activity. 
Calspectin Fodrin Calmodulin-binding protein Calmodulin-dependent protein kinase 
1. INTRODUCTION 
We have shown the presence of membrane- 
associated calmodulin-binding protein in brain tis- 
sue that takes up 80-100 pg calmodulin/g tissue in 
a Ca2+-dependent fashion [ 1,2]. Subsequently, this 
binding protein was solubilized from membranes 
with 6 M urea and purified to homogeneity [3]. 
The M, 240000 calmodulin-binding protein thus 
purified [3] turned out to be IY subunit of a doublet 
protein having a M, 240000 (cu) and 235000 (P) 
subunit structure which was obtained from brain 
membranes in [4,5]. This doublet protein has been 
called calspectin (calmodulin-binding spectrin-like 
protein) because it has several of characteristic 
features related to erythrocyte spectrin that in- 
clude: 
(i) A high M, doublet structure [4,5]; 
(ii) Dimer-tetramer interconversion depending 
upon the ionic strength of medium [4]; 
(iii) Ability to bind to (dimer) and cross-link 
(tetramer) F-actin [4]; 
(iv) Ability to accelerate the polymerization of 
G-actin to actin filaments (submitted); 
(v) Its extended, flexible rod-like appearance 
upon a rotary-shadowing microscopy [4]; 
(vi) Ca2+ -dependent calmodulin-binding ability 
]3,41; 
Abbreviations: EGTA, ethyleneglycol bis(&aminoethyl- 
ether)-N,N,N’,-tetraacetic acid; EDTA, ethylenedi- 
amine tetraacetic acid; SDS, sodium dodecyl sulfate; 
PMSF, phenylmethylsulfonyl fluoride; DFP, diisopro- 
pylfluorophosphate; M,, relative molecular mass 
(vii) Its specific location on membranes [3,5]; 
(viii) Its extractability from membranes with 6 M 
urea [3] or with a low ionic strength medium 
[4,5], indicating the extrinsic (or peripheral) 
protein nature. 
The same protein was partially purified from 
brain in [6,7]. The same protein was recognized as 
an axonally transported protein [8] and then identi- 
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fied as a specific component of cortical cytoplasma 
of neurons and other cells [9] and designated as 
‘fodrin’. The same protein has been purified from 
chicken brain [lo] and from pig brain [ll], on 
which detailed biochemical and morphological 
studies were done. Similar results were also ob- 
tained in [12] where the same protein was purified 
from brain. 
Brain is especially rich in calspectin [2] and, in 
brain tissue, it is concentrated in synaptic struc- 
tures [2,3,5]. When synaptosomes were broken by 
a hypoosmotic treatment, most of the protein 
(-80%) was found in the particulate fractions 
[5,13]. Upon fractionation of the disrupted synap- 
tosome structures, the specific activity of cal- 
spectin paralleled the distribution of the synaptic 
membranes [2,5]. In [13], we found that the cal- 
spectin intrinsic to the synaptosomes i phosphory- 
lated by endogenous protein kinase systems. We 
now report extended studies on the solubilization 
and partial purification of the major calspectin 
kinase activity from brain membranes. 
2. MATERIALS AND METHODS 
2.1. Materials 
Sources: pepstatin A from Peptide Institute 
(Osaka); DFP and PMSF from Sigma Chemical 
Co. (St Louis); DEAE-cellulose (DE-52) from 
Whatman Ltd.; Sephacryl S-300 from Pharmacia 
(Uppsala); [ Y-~~P]ATP (2000-3000 Ci/mmol) 
from Radiochemical Centre (Amersham); Sakura 
macroautoradiograph films from Konishiroku 
Photo Ind. A gel filtration calibration kit con- 
taining thyroglobulin, ferritin, catalase and aldo- 
lase was purchased from Pharmacia. Calmodulin 
was purified from bovine brain as in [14]. For the 
purification of calspectin, the procedure in [5] was 
modified: A synaptic membrane-rich microsomal 
fraction of bovine brain prepared as in [4] was sus- 
pended in a warm (37°C) hypotonic medium con- 
sisted of 0.1 mM sodium phosphate (pH 8.0), 
0.2 mM EDTA, 0.1 mM dithiothreitol, 0.1 mM 
ATP, 0.25 mM PMSF, 0.1 mM DFP and 0.05 pg 
pepstatin A/ml. The suspension was stirred for 
15-30 min gently and then chilled on ice. It was 
then centrifuged at 105000 x g for 60 min. Cal- 
spectin extracted into the supernatant fluid was 
concentrated by ammonium sulfate fractionation 
(25-60% saturation). The concentrate, dissolved 
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with a minimum amount of buffer I consisted of 
20 mM Tris-HCl (pH 7.5), 0.1 mM dithiothreitol 
and 100 mM KCl, was clarified by a centrifugation 
for 30 min at 200000 x g and then applied to a col- 
umn of Sepharose 4B which had been equilibrated 
with buffer I plus 0.1 mM EGTA. The column was 
eluted with the same medium and a fraction con- 
taining calspectin (tetramer) was collected. This 
fraction was further purified by calmodulin affini- 
ty column chromatography essentially as in [3]. In 
short, calspectin in this fraction was adsorbed on 
a calmodulin-Sepharose column in the presence of 
0.2 mM CaC12 and eluted from the column with 
buffer I plus 1 mM EGTA. The eluted fraction 
containing calspectin was applied to a DEAE-cellu- 
lose column pre-equilibrated with buffer I. Cal- 
spectin in a concentrated form (-2 mg/ml) was 
eluted from the column with 20 mM Tris-HCI 
(pH 7.5), 0.1 mM dithiothreitol and 500 mM KCl. 
The solution was dialyzed against 20 mM 
Tris-HCI (pH 7.5) and 0.1 mM dithiothreitol. The 
calspectin thus purified was homogenous upon 
SDS-polyacrylamide gel electrophoresis, showing 
only the two subunit polypeptide bands (fig. 5g). 
2.2. Extraction andpartialpurification of caispec- 
tin kinase from brain membrane fraction 
Fresh cerebral cortices (15 g) of male Wister rats 
were homogenized with 150 ml of a hypotonic 
medium consisting of 5 mM Tris-HCl (pH 7.5), 
1 mM EGTA, 1 mM dithiothreitol, 2 mM MgCl2, 
0.25 mM PMSF, 0.1 mM DFP and 0.1 pg/ml of 
pepstatin A (buffer II), using 10 up-and-down 
strokes at 900 rev./min in a glass-Teflon homo- 
genizer with a 0.15 mm clearance. The homogen- 
ate was centrifuged at 900 x g for 10 min. The 
pellet was rehomogenized with 150 ml buffer II 
and recentrifuged as above. The combined super- 
natant from the first and the second centrifuga- 
tions was further centrifuged at 105000 x g for 
60 min. The pellet was washed by suspending in 
150 ml buffer II and centrifuging as above. The 
pellet thus obtained (brain membrane fraction), 
containing -200 mg protein, was homogenized 
with 80 ml buffer III consisted of 20 mM Tris-HCl 
(pH 7.5), 1 mM dithiothreitol, 1 mM EGTA, 
100 mM KCl, 1% Triton X-100, 0.25 mM PMSF, 
0.1 mM DFP and O.lpg pepstatin A/ml. The 
homogenate was centrifuged at 200000 x g for 
30 min. The supernatant was diluted with 4 vol. 
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20 mM Tris-HCl (pH 7.5) plus 0.1 mM dithio- 
threitol to make 20 mM in KCl. The solution was 
applied to a DE-52 column (1.5 x 5.7 cm) which 
had been equilibrated with buffer IV (20 mM 
Tris-HCl (pH 7.5), 0.1 mM dithiothreitol and 
0.1 mM EGTA) + 20 mM KCl. The column was 
washed with the same medium and then calspectin 
kinase activity was eluted with a linear gradient 
generated from 15 bed vol. each of buffer IV + 
20 mM KC1 and buffer IV + 400 mM KCl. Frac- 
tions of 4.7 ml each were collected, which were 
monitored for the calspectin kinase activity (fig. 1). 
An active peak (tubes 12-26) was collected and 
concentrated by ammonium sulfate precipitation 
(O-65% saturation). The precipitate was dissolved 
with 1.2 ml buffer IV + 100 mM KCl. The solution 
was dialyzed for 5 h against the buffer IV + 
100 mM KC1 and then clarified by centrifugation 
for 30 min at 200000 x g. The clear supernatant 
(-1.2 ml) was applied to a column (1.2 x 56 cm) 
of Sephacryl S-300 pre-equilibrated with buffer IV 
+ 100 mM KCl. The column was eluted with the 
same medium and two active peaks, peaks I (tubes 
33-36) and II (tubes 47-51), were obtained (fig. 
2). These were stored on ice and used as enzyme 
sources within 2-3 days. 
2.3. Analytical procedures 
The calspectin kinase activity of a solubilized 
membrane sample was assayed at 37°C in a mix- 
ture (50 ~1 final vol.) containing 20 mM Tris-HCl 
(pH 7.5), 10 mM MgClz, 1 mM dithiothreitol, 
5 PM [Y-~~P]ATP (20 Ci/mmol), 6 pg/tube of 
purified calspectin, either 2 mM EGTA or 0.1 mM 
CaCl2, and other additions as indicated in the 
figures. After preincubation for 30 s at 37”C, the 
reaction was initiated by addition of the [Y-~~P]- 
ATP. The reaction was run for 30 s and then ter- 
minated by addition of 30~1 stop solution con- 
sisted of 2% SDS, 50% glycerol and 100 mM 
2-mercaptoethanol. The mixture was boiled for 
3 min and then chilled down on ice. A sample 
(60 ~1) from the boiled mixture was subjected to 
SDS-polyacrylamide gel electrophoresis using the 
buffer system in [ 151. The acrylamide concentra- 
tion was 5 (70. The proteins resolved on the gel were 
stained with Coomassie brilliant blue R 250. The 
gel was then destained with 7% acetic acid at 60°C. 
The gel area containing calspectin heterodimer 
bands was cut out, dissolved with 30% Hz02 
(boiling for 5-10 min) and counted for radioactive 
phosphate incorporated into the calspectin bands 
on a liquid scintillation spectrometer. The protein 
concentration was determined as in [16] and for 
column monitoring as in [17]. 
3. RESULTS 
Although calspectin kinase activity is present in 
both the membrane and cytosolic fractions of the 
synaptosomal lysate [ 131, we found, in a prelimi- 
nary experiment, that the activity in the membrane 
fraction was 2-3-times more than that in the syn- 
aptosomal cytosol. Subsequently, we solubilized 
this membrane-associated calspectin kinase activity 
with a medium containing 1% Triton X-100. The 
activity in the solubilized fraction was almost com- 
parable to that found in the original membrane 
fraction. The solubilized activity was then partially 
purified by successive column chromatographies 
using DEAE-cellulose (fig. 1) and Sephacryl S-300 
(fig. 2). The calspectin kinase activity was resolved 
on the Sephacryl S-300 gel column into two peaks 
(fig. 2). i&Values of 800000 and 88000 were 
estimated for these peaks I and II, respectively, as 
determined by their elution positions from the col- 
umn (fig. 3). The activity of peak I required the 
presence of both Ca2+ and calmodulin (fig. 5 as 
well as fig. 2,4). Also, the peak I was adsorbed on 
a calmodulin-Sepharose column in the presence of 
.6 P 
Fig. 1. DEAE-cellulose (DE-52) column chromatography 
of calspectin kinase activity. Fractions (20 al) eluted 
from the column were assayed for the calspectin kinase 
activity in the presence of either 0.1 mM CaCl2 (0) or 
2 mM EGTA (0). Calmodulin (2 gg/tube) was added to 
all assay tubes. See section 2 for details. 
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Fig. 2. Sephacryl S-300 column chromatography of cal- 
spectin kinase activity. Fractions (15 ~1) eluted from the 
column were assayed for the calspectin kinase activity in 
the presence of either 0.1 mM CaClz (0) or 2 mM 
EGTA (0). Calmodulin (2pg/tube) was added to all 
assay tubes. See section 2 for details. 
100 
50 I 
Fig. 3. Determination of Mr-values of peaks 1 and II on 
Sephacryl S-300 column. Standards (x10-‘) were: (1) 
thyroglobulin, 669; (2) ferritin, 440; (3) catalase, 232; (4) 
aldolase, 158; (5) bovine serum albumin, 68. 
Ca2+ and eluted from it with EGTA (not shown). 
Thus, peak I appeared to be a Ca2+- and 
calmodulin-dependent protein kinase. Addition of 
calmodulin in the presence of Ca2+ produced a 
dose-dependent stimulation of the enzyme activity 
(fig. 4): 0.29pM calmodulin (0.25 pg/tube) was re- 
quired for a half-maximum stimulation of enzyme. 
Peak II showed some activity (basal activity) in the 
absence of Ca2+ and calmodulin (fig. 2,5d). Addi- 
tion of Ca2+ resulted in -2-fold stimulation of the 
December 1982 
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Fig. 4. Dependence of the activity of peak I upon cal- 
modulin. The calspectin kinase activity of peak I (15 ~1) 
was assayed as in section 2 in the presence of either 
0.1 mM CaCl2 (0) or 2 mM EGTA (0). The calmodulin 
concentration varied as shown in the figure. 
abcdef g 
Fig. 5. Autoradiographs howing the phosphorylation of 
(Y and p subunit bands of calspectin catalyzed by peaks 
I and II. Calspectin (6 pg) was incubated with 15 ~1 each 
of peaks I (lanes a-c) and II (lanes d - f) as in section 2. 
Additions were: (a,d) 2 mM EGTA; (b,e) 0.1 mM 
Car&; (c,f) 0.1 mM CaCl2 + calmodulin (2 pg/assay 
tube). After the electrophoresed gels were stained with 
Coomassie brilliant blue R 250, the gels were dried under 
heat and reduced pressure. Autoradiography was carried 
out overnight with Sakura macroautoradiograph films; 
(g) purified calspectin stained with Coomassie brilliant 
blue. 
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basal activity (fig. 2,5e). Addition of calmodulin in 
the presence of Ca2+ was without the effect (fig. 
5f). Both peaks I and II catalyzed incorporation of 
radioactive phosphate into CY and ,& subunit bands 
of calspectin to about equal extent (fig. 5). 
4. DISCUSSION 
We have shown in [13] that the synaptosomal 
lysate does contain endogenous calspectin and its 
phosphorylating systems. Although these proteins 
(calspectin and kinases) were distributed in both 
the membrane and cytosolic fractions of the synap- 
tosomal lysate, most of them were found in the 
membrane fraction. Here, the membrane-associ- 
ated calspectin kinase activity was solubilized and 
partially purified. The activity can be separated 
into two fractions, peaks I (Mr 800000) and II (Mr 
88000), by a gel filtration column chromato- 
graphy. While the activity of peak I was dependent 
upon the presence of both Ca2+ and calmodulin, 
the activity of peak II was not, although its activity 
was stimulated by Ca2+ alone to some extent. 
This study shows that the solubilized kinase sys- 
tems, peaks I and II alike, catalyze phosphoryla- 
tion of both cy and fi subunits of calspectin. This is 
different from the results in [13] where using the 
synaptic membrane fraction, phosphorylation of p 
subunit only was seen. However, in [13] both the 
substrate and enzyme were associated with the 
membranes. Therefore, lack of phosphorylation of 
LY subunit in [ 131 may be due to the spatial arrange- 
ment of enzyme and substrate in the membranes. 
Indeed, when the particulate enzyme was incu- 
bated with the exogenous calspectin, both a and ,f3 
subunits were phosphorylated (unpublished). 
Ca2+- and calmodulin-dependent protein kinase 
systems associated with the particulate fraction of 
brain have been studied in several laboratories: 
Ca2+- and calmodulin-dependent phosphorylation 
of A4, 51000 and 62000 membranous proteins by 
an intrinsic enzyme system [ 18,191; a particulate 
enzyme system catalyzing the Ca2+- and 
calmodulin-dependent phosphorylation of protein 
I, a specific synaptic protein composed of M, 
80000 and 86000 polypeptide chains [20]; a Ca2+- 
and calmodulin-dependent protein kinase system 
associated with the synaptic vesicle that specifically 
phosphorylates the vesicle LY- and P-tubulins [21]; 
Ca2+- and calmodulin-dependent phosphorylation 
of M, 51000 and 62000 proteins in postsynaptic 
densities [22]; using Torpedo californica elec- 
troplax membranes, an intrinsic Ca’+- and 
calmodulin-dependent protein kinase system for 
the specific phosphorylation of acetylcholine 
receptor subunit proteins (Mr 65000, 58000 and 
50000) [23]. However, there have been no in- 
vestigations reported on the solubilization and par- 
tial purification of Ca2+- and calmodu- 
lin-dependent protein kinases from brain mem- 
branes. 
Like spectrin in erythrocyte, calspectin, together 
with actin filaments and other protein components, 
appears to comprise the cytoskeletal structure 
adherent o the undersurface of the nerve cell. This 
view, together with data showing the specific loca- 
tion of calspectin in synaptic structures [2,3,5], 
leads to a possibility that this protein in conjunc- 
tion with calmodulin is somehow involved in the 
Ca2+ regulation of synaptic functions possibly the 
release of transmitter substances. The Ca2+- and 
calmodulin-dependent phosphorylation of calspec- 
tin is of particular interest. 
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